Summary
Aim: Minimally invasive resection of hyperfunctional parathyroid glands is an alternative to open surgery. However, it requires a precise preoperative localization. This study evaluated the diagnostic use of magnetic resonance (MR) imaging, parathyroid scintigraphy, and consecutive image fusion. Patients, methods: 17 patients (9 women, 8 men; age: 29-72 years; mean: 51.2 years) with primary hyperparathyroidism were included. Examination by MRI used unenhanced T1-and T2-weighted sequences as well as contrast-enhanced T1-weighted sequences. Tc-MIBI scintigraphy consisted of planar and SPECT (single photon emission tomography) imaging techniques. In order to improve the anatomical localization of a scintigraphic focus, SPECTdata were fused with the corresponding MR-data using a modified version of the Express 5.0 software (Advanced Visual Systems, Waltham, MA). Results of image fusion were then compared to histopathology. Results: In 14/17 patients, a single parathyroid adenoma was found. There were 3 cases with hyperplastic glands. MRI detected 10 (71%), scintigraphy 12 (86%) adenomas. Both modalities detected 1/3 patients with hyperplasia. Image fusion improved the anatomical assignment of the 13 scintigraphic foci in five patients and was helpful in the interpretation of inconclusive MR-findings in two patients.Conclusions: Both MRI and 99m Tc-MIBI scintigraphy sensitively detect parathyroid adenomas but are less reliable in case of hyperplastic glands. In case of a scintigraphic focus, image fusion considerably improves its topographic assignment. Furthermore, it facilitates the evaluation of inconclusive MRI findings. S ingle adenomas of the parathyroid gland are the most frequent cause (approx. 85%) of hyperparathyroidism. To a lesser extent (up to 15%), multiple adenomas and hyperplastic glands and in rare cases carcinomas (<1%) are responsible for glandular hyperfunction (21) . Surgical resection is the therapy of choice and offers a cure for non-malignant disease in more than 95% of all cases (26) . Although the traditional approach for parathyroidectomy (open cervicotomy and bilateral neck exploration) yields very good results in the hands of the experienced endocrine surgeon (3) , new procedures such as unilateral open or minimal invasive techniques are getting more common, as they appear to reduce operation time, hospital stay and complication rate while improving cosmetic results (37) . However, these methods require the preoperative localization of the pathologically altered gland(s). Morphological imaging includes high resolution ultrasound (US) that is a meanwhile almost ubiquitous available method with a sensitivity of up to 65-90%, (5, 22, 29, 33, 38) . However, especially ectopic glands can be difficult to detect, particularly if they are located behind the larynx, clavicle or in the mediastinum (1) . The detection of adenomas by magnetic resonance imaging (MRI) is reported to have a sensitivity of 62.5-94% and a specificity of 75-88% (17, 18) and seems to be more suitable than computed tomography (CT), which has a sensitivity of only 40-44% and a specifity of up to 88% (12, 39) . On the other hand, functional imaging approaches with parathyroid scintigraphy are widely used. Parathyroid scintigraphy with the tracer Tc-99m-MIBI (Tc-MIBI), mainly done in dual-phase technique, appears to be superior to Tl-201-Tc-99m-pertechnetate subtraction scintigraphy, achieving sensitivities of 68-95% and specificities of 75-100% (3, 12, 16, 17, 22-26, 29, 33, 35) . Although the subtraction technique also delivers excellent results when applied to Tc-99m-MIBI scanning, the dual-phase technique remains popular as it is technically less demanding (5) .The use of single photon emission tomography (SPECT) seems to further improve sensitivity (23) (24) (25) . In addition to technical improvements, other tracers like Tc-99m-Tetrofosmin are under evaluation (38) .
However, concomitant thyroid nodules reduce the sensitivity of all modalities (US: 47-53%, MRI: 75%, Tc-MIBI: 68-73% (15, 24, 29, 34) and all techniques have shown a lower accuracy for the detection of multiple adenomas or hyperplastic disease (sensitivity US: 48%, MRI: 54-75%, Tc-MIBI: 37-64%. (3, 17, 18, 26, 38) as well as secondary hyperparathyroidism (36) .
Sensitivity can be improved by the combination of examinations, preferably morphological and functional imaging, as has been shown for US and Tc-MIBI scintigraphy (15, 33) . Such visual comparative analysis is commonplace in clinical routine. However, the accuracy "mental fusion" is limited (13) . As this correlation is often insufficient for complex and/or small anatomical regions, there have been many attempts to create a single system of reference. These techniques can be both prospective (e.g. stereotactic frames, fiducial markers) or retrospective in nature (e.g. manual co-registration or mathematical correlations based on surface or voxel information). Experience on image fusion using CT, MRI, SPECT or PET data has mainly been gained in brain examination studies (13, 20, 40) . It has been shown that retrospective registration of CT-and SPECT-data by voxel-based algorithms is a very reliable approach when compared to the prospective "gold-standard" of stereotactic frames (42) . This technique is based on normalized mutual information which assigns a geometric function between two images based on the degree of similarity of voxel-information between the two sets of data to be matched. Maximization describes the use of algorithms that reduce the difference in information between a voxel and its attributed match to a minimum for all voxel-pairs (19, 27) . The result of this co-registration can be visualized as a fused image of both modalities.
For the detection of adenomas of the parathyroid gland, we performed both MR and Tc-MIBI imaging in patients with parathyroid pathology. Each single modality was evaluated independently, in combination and after image fusion.
Patients and methods
Seventeen patients with primary hyperparathyroidism were included in this study (9 female, 8 male, age ranging from 29 to 72 years, the mean age being: 52.2 years). All patients were fully evaluable. Tc-MIBI scintigraphy and magnetic resonance imaging Both examinations were performed within 0-9 days (mean 2.5 days) in each patient.
Scintigraphy was performed by intravenously injecting 500-600 MBq 99m Tc-MIBI (Cardiolite ® , Bristol-Myers Squibb GmbH, Munich, Germany). Planar images of the neck and thorax region were acquired 20 minutes (early) and 1.5 hours (late) p.i. using a 64 ϫ 64 matrix with a LEHR-collimator (SP4 Elscint, GE Medical Systems, Solingen, Germany). After the late scan, SPECT imaging was performed with a 3-head gamma camera using a 128 ϫ 128 matrix and LEHR-collimators (Multispect, Siemens, Erlangen, Germany); the acquisition time was 30 seconds at 60 stops. Detection of a focus, especially in the late scan was considered to be a positive finding.
Magnetic resonance imaging used an anterior neck surface coil in a 1.5 T unit (Magnetom SP63, Siemens, Erlangen, Germany; Gyroscan ACS-NT, Philips, Best, The Netherlands). Both T1-and T2-weighted spin-echo sequences were acquired and T1-weighted sequences were repeated after the i.v. administration of gadopentetate dimeglumine (Magnevist ® , Schering AG, Berlin, Germany) at 0.2 mmol/kg body-weight. Slice thickness was 4 mm (transversal and coronal orientation) and the field of view was 12 to 15 cm, the matrix 256 ϫ 256. The same sequences were used for upper thorax imaging (slice thickness was 5 mm, field of view 16 to 18 cm, and the matrix was 192 ϫ 256). A positive finding was characterized by a hyperintensive signal in T2 while showing an increase of signal-intensity in T1 after intravenous application of the contrast medium.
Registration and image fusion
For co-registration of MRI-and SPECTdata and consecutive image fusion (Fig. 1) , we used a modified version of AVS/Express 5.0 (Advanced Visual Systems, Waltham, MA, U.S.A.) on an O2-Workstation (Silicon Graphics, Mountain View, Ca/USA). Transferal of image data to the workstation was done by intranet.
Image fusion was subdivided into three steps. The first step included the correction of inhomogeneities, the correction of spatial orientation as well as the assimilation of matrix sizes for both modalities. The initial co-registration according to internal landmarks (e.g. surface outlines) was performed manually, adjusting translation-and rotation-parameters in all three dimensions in order to achieve a rough congruency between the two sets of images followed by the software's voxel-based registration algorithm. This so called "maximal" registration, uses the concept of normalized mutual information, then "fine tuned" the fusion of the volume-data. Here, minute rotations and translations were performed, using the degree of similarity between the corresponding paired voxels of each set of volume-data as a measure (19) . Additionally, coincidence thresholding was performed as it greatly reduced computation time and improved performance by reducing background noise in SPECT-data (30) . All results were subject to visual plausibility control.
Results
Surgery was performed in all 17 patients. Initially, 11 patients underwent unilateral parathyroidectomy (3 minimally invasive). In one patient, the unilateral exploration had to be expanded into a bilateral operation. Five patients primarily underwent bilateral cervical exploration. One patient with prior hemithyroidectomy also received a resection of a nodule in the remaining lobe. Moreover, three other patients underwent additional hemithyroidectomy due to singular thyroid nodules. All imaging findings were verified by postoperative histopathology. Histology showed a singular adenoma of the parathyroid gland in 14/17 patients. 2/17 patients had uniglandular hyperplasia, in one patient, three glands were affected. Adenomas weighted between 300 and 11800 mg (mean: 2368 mg), singular hyperplastic glands weighted 300, 400 and 2300 mg. The weight of the one case with multiple hyperplastic glands was not determined.
Preoperatively, MRI detected 10/14 (71%) and scintigraphy 12/14 (86%) of all adenomas. Furthermore, there were two additional false positives in MR-imaging (1 lymph node and 1 nerve ganglion) that were not classified as pathologic in scintigraphy (Tab. 1).
Both examinations detected 1/3 singular hyperplasias. In the one patient with multiple hyperplastic glands neither modality detected any pathology.
Image fusion was successfully performed in all 13 patients with positive scintigraphic findings. Diagnostic improval was observed in 7 (54%) of these 13 patients. Thus in 5/13 (38%) patients, image fusion resulted in an improved topographic assignment of scintigraphic foci (Fig. 2) . In 2 (15%) patients it helped to differentiate hyperactive parathyroid tissue from neighboring lymph nodes (n = 1) or a nerve-ganglion (n = 1). In the remaining six patients, image fusion had no impact on the clinical treatment strategy (Tab. 1). Due to the small number of patients in this study, only descriptive statistical analysis was performed.
Discussion
The role of imaging studies for the detection of adenomas of the parathyroid gland before surgery is still being discussed controversially, however it permits the use of unilateral and/or minimally invasive surgery that appears to be equally efficient while reducing operation time, complication rates, and patient morbidity and, furthermore, cutting down costs (37) .
Ultrasound is a very sensitive modality for the detection of adenomas of the parathyroid gland (5, 22, 29, 33, 38) and due to its widespread use and availability it is considered to be the first modality prior to surgery (22) . It is, however, very userdependent and the results are difficult to reproduce, furthermore ectopic mediastinal glands that are observed in about 10-20% of all cases (1) cannot be detected.
MRI has also been proven to be very useful for the detection of adenomas, especially in case of ectopic mediastinal localization. In sensitivity and specifity it appears to be superior to CT which is sometimes troubled by streak artifacts in the shoulder region apart from exposing the patient to radiation (7, 12, 17, 39) . In a previous study, good results using MRI have been demonstrated (18) . Employing the same protocol, MRI detected 71% of 14 adenomas in this study. However, consistent with previous studies, the detection of hyperplastic glands was less reliable (17, 38) . Apart from glandular size, signal intensity and contrast enhancement seem to be influenced by cellular composition, i.e. fibrosis or haemorrhage (2).
Scintigraphic detection of the parathyroid adenomas by Tc-MIBI using dual phase technique is considered to be a very sensitive and specific imaging approach (3, 17) . Although Tc-MIBI-scintigraphy is reliable in the detection of adenomas larger than 500 mg (3), our results (Tab. 1) and the results of other studies show that the detection of smaller adenomas is frequently possible and large adenomas (>1 g) are often not detected (25, 38) .This emphasizes the fact that tracer accumulation is not merely based on size alone, but also to some extent on the degree of hyperfunction which in turn is thought to be represented by the mitochondrial content (9) . Accordingly, the lesser sensitivity of Tc-MIBI in case of hyperplastic glands might not only be caused due to smaller size but also due to a lower mitochondrial hyperfunction in the more heterogeneous, often polyclonatic hyperplasias (36) . Furthermore, as in MRI contrast-enhancement, determination of the size or mass of a given gland often does not reflect the heterogeneous cellular tissue composition as opposed to the, mainly oxyphil, mitochondriarich cells fatty tissue or necrosis shows no tracer accumulation (35) .Accordingly, nonfunctional tissue contributed to a large part to the total glandular size in both falsenegative adenomas (Tab. 1). Finally, it must be noted that additional factors such as P-glycoprotein or MDR (multi drug resistance) protein expression are held responsible for nuclide accumulation (28) .
As small adenomas (or large adenomas with a small functional compound) with their relatively low uptake might still be hidden behind structures with physiological nuclide accumulation, i.e. thyroid tissue in planar images, additional SPECT-imaging is often performed. One advantage clearly lies in the improved differentiation between thyroid/parathyroid tracer uptake and especially in the topographical assignment of ectopic foci (7) . However, the improvement of sensitivity by SPECTimaging is still seen somewhat controversial: while Staudenherz et al. (34) did not perceive a clear benefit for sensitivity, studies by Moka et al. postulate an increase of sensitivity of up to 24% (23) (24) (25) . Although high sensitivities (95-96%) were thus achieved for the lateralization of adenomas, the actual topographical assignment of foci, crucial for minimal invasive procedures, was less sensitive (approx. 80%). The group also performed 3D-reconstructions of SPECT-data for anatomical localization, but even this approach does not compensate the drawback of the functional imaging approach, i.e. the lack of information on surrounding tissue for anatomical orientation.
Therefore, scintigraphic findings are frequently visually correlated with ultrasound and MR or CT imaging. Although this correlation often proves to be sufficient, it is limited by the accuracy of mental image fusion (13) . Furthermore, the presence of concomitant goiter nodules, which may be observed in 30% of all patients with hyperparathyroidism in central Europe (7), does not only adversely affect the detection of adenomas in Tc-MIBI-scintigraphy (3, 22, 24, 26, 29) and in morphological imaging (15, 17, 22, 29) , but also in the consecutive mental correlation of findings. Therefore we performed image fusion of MR-and MIBI-SPECT-data as both examinations allow the detection of ectopic mediastinal adenomas and generate the volume data necessary for image fusion.
Experience in image fusion is largely based on head examinations (20) . However, brain imaging is very favorable for image fusion techniques few motions occur in the relatively rigid "scalp-skull-brain" system whose anatomy facilitates the use of stereotactic techniques. In contrast, the cervical region is subject to motion and positioning artifacts and invasive measures like stereotactic frames are not feasible.
Alternatively, non-invasive prospective approaches such as fiducial marker-based coordinate systems (40) could be used. However, the preparation of the patients in the pre-acquisition phase is often time consuming (13) . An alternative to these prospective techniques is retrospective image fusion by voxel-based algorithms. Although these algorithms have been proved to be very accurate in rigid body settings (19, 27, 42) , motion artifacts (troubling even SPECT-CT systems) will influence the result in other regions (6) . Thus, the positioning of the patient in both examinations remained a crucial element in this study and all fusion images were subject to visual plausibility control. If necessary, they were manually corrected, using thyroid or background activity as "internal landmarks". Despite these limitations, the image fusion approach described herein has already been successfully used for other clinical non-head examinations (10, 11).
Rubello et al. (31) reported the use of image fusion for the detection of an ectopic adenoma. In contrast to our study however, CT-data were used for anatomical information. Due to our experience (18), we only employ CT if there is a contraindication for MRI examination (e.g. pacemakers).
As mentioned, hybrid systems are currently considered to be the gold-standard of image fusion (13) and have also successfully been used for the detection of adenomas of the parathyroid gland (6) . With the hybrid-approach as well, the benefit of fused imaging for the detection of ectopic glands located in the mediastinum was demonstrated (14) . However, aside from the higher costs of these SPECT-CTsystems, a major drawback is the morphological imaging component, the low-resolution rotating x-ray-tube. Its fused images do provide basic anatomical orientation, but in contrast to our retrospective image fusion method, the morphological component has a low diagnostic quality. Our image fusion technique does not only allow the anatomical assignment of scintigraphic foci, it also provides the full potential MRI offers for the detection of adenomas. Thus, we observed a diagnostic benefit in 54% of those patients analyzed with image fusion.
It cannot be denied that for routine preoperative examinations, MIBI-scintigraphy in conjunction with ultrasound forms a reliable combination for the detection of adenomas in loco typico. Even more important, the combination with ultrasound is surely more cost-efficient than with our MR-approach (41). Although we observed no ectopic parathyroid adenomas in our patient population, it has to be pointed out that this study mainly served as a validation process for our method. Instead of routine examinations, we do see its value mainly in the improved detection of ectopic glands when the performance of ultrasound is simply not feasible and the higher costs of MR are justified. As demonstrated above, image fusion has been shown to be very promising for the precise localization of thoracal adenomas (14, 31) and, as discussed above, we do expect a further improval if MR instead of CT is used as the morphological component. Furthermore, another indication for this technique is seen in the detection of pathologic findings in persistent hyperparathyroidism, where fibrosis of previous interventions limits not only ultrasound but also cervical exploration (8) . In this aspect, it might also complement minimal invasive gamma-probe guided approaches (4).
Conclusion
Both MR-imaging and 99m Tc-MIBI scintigraphy are sensitive methods for the detection of adenomas of the parathyroid gland but are less reliable in the localization of hyperplastic glands. Retrospectively generated fused images from MR-and SPECTdata considerably enhance the topographic assignment of scintigraphic foci. As the MR-component itself allows a characterization of parathyroid tissue an improved localization and/or exclusion of ectopic glands can be achieved. Consequently, improved preoperative imaging might reduce the rate of bilateral cervical exploration, paving the way to minimally invasive or at least unilateral surgical approaches.
